JEL classification: Q10 Q18 Q54 Q56 Q47 O5
Introduction
Globally, 42.6 PgCO 2 e of greenhouse gas (GHG) emissions were emitted in 2008; 81% of these emissions were from energy combustion and industrial processes ( Fig. S1 ; EC, 2011).
1 Latin America accounted for a mere 7% of global GHG emissions. However, nearly 40% of GHG emissions in Latin America ( deforestation. An open question remains as to whether these declines will continue or if emissions will begin to rise again.
In this article, we investigate the future trajectory of AFOLU GHG emissions in Latin America, with and without efforts to mitigate, using a multi-model comparison approach. This work builds on the work of Rose et al. (2012) , which examines mitigation potential at a global level in a multi-model framework, and on the work of Smith et al. (2014a) , which compiles bottom-up estimates of mitigation potential. While many recent papers examine the role of land in mitigation regimes, they have focused their attention on land transitions (e.g., Popp et al., 2014) , bioenergy (e.g., Calvin et al., 2013; Rose et al., 2014) , or trade-offs between different land policy schemes (e.g., Calvin et al., 2014; Reilly et al., 2012; Wise et al., 2009) at the global level. This paper expands on these efforts by examining the emission consequences and mitigation potential of land transitions in a particular region (Latin America).
Section 2 discusses the models and scenarios included in this article. Section 3 examines the AFOLU GHG emissions in Latin America absent any climate mitigation efforts. Section 4 discusses potential mitigation options and how they influence emissions under climate policy in Latin America. Section 5 provides some discussion, concluding remarks, and areas for future research.
Methodology
This article utilizes the models and scenarios developed for the CLIMACAP-LAMP project 2 to assess AFOLU GHG emissions in Latin
America. For more information on the project and its scenarios, we refer the reader to the introductory article of this special issue (van der Zwaan et al., 2016) . In this section, we describe the models and scenarios included in this study.
Models
Several approaches to modeling AFOLU in economic and integrated assessment models exist. Some models exclude the sector entirely, either explicitly or implicitly assuming that AFOLU GHG emissions are zero. Some models include AFOLU by parameterizing functions (e.g., bioenergy supply curves and AFOLU GHG marginal abatement cost curves) to other offline models or studies. These models often include limited feedbacks. For example, an expansion in bioenergy consumption in these models may not change GHG emissions, if both elements are included through separate, non-interacting functions, or if bioenergy is assumed to be sustainably grown and therefore carbonfree. A third type of model includes a structural representation of the agriculture and land sector, ensuring consistency between production, consumption, and emissions. In this article, we focus our analysis on the second and third types of models (see Table 1 ). The model descriptions included in this paper are focused on the treatment of AFOLU and AFOLU GHGs. For more information on these models, we refer to the reader to publications developed by their respective modeling teams: ADAGE (Ross, 2009) ; EPPA (Paltsev et al., 2005) ; GCAM and TIAM-WORLD (Loulou, 2008; Loulou and Labriet, 2008) .
ADAGE
The Applied Dynamic Analysis of the Global Economy (ADAGE) model is a multi-region, multi-sector dynamic computable general equilibrium (CGE) model (Ross, 2009) . The version of ADAGE used for the current study is a recursive dynamic version focused on the agricultural sector. It includes disaggregation of individual major agricultural crops and bioenergy feedstocks as well as incorporation of land as a factor of production with tracking of land cover and land use in terms of physical area (Beach et al., 2011) . Land cover categories included are cropland, pasture, managed forests, unmanaged forests, natural grassland, and other land. Land conversion is modeled using a nested constant elasticity of substitution (CES) function and explicitly incorporates costs of land conversion as well as land supply elasticities. Marginal conversion costs are assumed to be equal to the difference in value between land types while land supply elasticities are based on historically observed rates of land conversion. The key database used in this study is the Global Trade Analysis Project (GTAP) data base version 7.1 (Narayanan and Walmsley, 2008) which comprises 57 sectors and 112 regions, corresponding to the global economy in 2004. Because there are no explicit sectors for biofuels and their respective feedstock crops and by-products in the GTAP database, we incorporated these sectors by splitting the relevant existing sectors. The final database includes disaggregated sectors such as corn, soybeans, rapeseed-mustard, palm-kernel, sugarcane, and sugar beets; biofuels categories such as corn ethanol, wheat ethanol, sugarcane ethanol, sugar beet ethanol, soy biodiesel, rapeseed biodiesel, palm oil biodiesel, and major byproducts of biofuels production such as dried distillers' grains with solubles (DDGS) and oilseed meals. The modified GTAP data base was aggregated to 8 regions and 36 sectors and updated to the model baseline year 2010 using secondary data on energy, biofuels, agriculture, and livestock sectors from secondary data sources including the Food and Agricultural Organization (FAO), International Energy Agency (IEA), U.S. Department of Agriculture (USDA), Energy Information Administration (EIA), U.S. Department of Energy (DOE), and others. GHG emissions from all sources are included in ADAGE, along with opportunities for GHG mitigation.
CO 2 emissions from fuel use are tied directly to the quantity of each category of fossil fuel combusted. Options for fuel substitution in production and household energy consumption are controlled by the model's CES nesting structure and substitution elasticities. Non-CO 2 emissions enter the production function as an input. Sector-specific abatement cost curves are implemented through elasticities of substitution between each GHG and all other inputs calibrated based on marginal abatement cost curves (EPA, 2006 (EPA, , 2013 . Emissions from land use change are calculated by multiplying the area of land conversion by the difference in carbon sequestration (above and below ground vegetative carbon and soil carbon) provided by the two land types multiplied by IPCC default emissions factors for land use change (IPCC, 2006) . As a result, changes in carbon stock occur immediately following a land conversion. ADAGE calculates projected global and regional economic production, energy use, agriculture activity, biofuel production, land use change and greenhouse gas emissions from all sources from 2010 to 2050 at 5-year time steps. Latin America is represented within the current ADAGE model by Brazil and an aggregated region of all other countries in Latin America.
EPPA
EPPA is a multi-region, multi-sector recursive-dynamic CGE model of the global economy (Paltsev et al., 2005) . Latin America is represented in EPPA by Mexico, Brazil, and an aggregated region of all the other countries in Latin America. The model calculates emissions of greenhouse gases (CO 2 , CH 4 , N 2 O, HFCs, PFCs and SF 6 ) and other pollutants, and also represents abatement and mitigation policies, including gasspecific control measures (Hyman et al., 2003) . The agriculture activities in the model are crops, livestock and forestry, plus regional specific biofuels crops. Land use categories are cropland, pasture, managed forest, natural forest and natural grass. Natural vegetation is incorporated explicitly considering their "non-use" value in the utility function. EPPA considers competition among land use categories by considering that farmers can transform one land category to others if they are able to cover explicitly the costs of conversion. This approach implies that intensively managed land can be "produced" from less intensively or unmanaged land, and also that farmland can be abandoned. The conversion of natural vegetation in EPPA is limited by the observed land supply response in the last two decades (Melillo et al., 2009) . It mimics the increasing costs associated to larger deforestation in a single period and the additional institutional costs, as environmental legislation and consumer pressures to conservationism. Land use changes in EPPA operates on a per country level, but it is connected with the Terrestrial Ecosystem Model -TEM (Felzer et al., 2004) to distribute EPPA's landuse predictions by 0.5°grid cell level based on climate, soil and economic information.
GCAM
GCAM is a global integrated assessment model, coupling representations of the economy, energy system, agriculture and land use system, and climate system. The model operates in five-year time steps from 1990 to 2100. GCAM disaggregates Latin America into seven regions (Argentina, Brazil, Colombia, Mexico, Central America and the Caribbean, Northern South America, and Southern South America). The agriculture and land use component of GCAM further disaggregates these regions into as many as 18 sub-regions based on agro-ecological zones (Monfreda et al., 2009) , resulting in 283 land supply regions. GCAM is a market-equilibrium model, adjusting prices until supplies and demands of all products are balanced. Land allocation in GCAM is determined based on relative profitability and agricultural supply is determined based on exogenously specified yields and endogenously calculated land allocation . The model includes several types of bioenergy, including first generation, cellulosic, agricultural and forestry residues, and municipal solid waste. GCAM computes anthropogenic emissions of 16 greenhouse gases and short-lived species, including CO 2 from land-use change, N 2 O from fertilizer use, and CH 4 from the production of agriculture and livestock. Land-use change CO 2 emissions are computed assuming that increases in vegetation carbon and changes in soil carbon occur over several years to decades after a land use change occurs, with the exact time depending on the region and land type (see Calvin et al., 2011 for more information). More information on the GCAM model is available at wiki.umd.edu/gcam.
TIAM-WORLD
TIAM-WORLD is a global and technology rich integrated assessment model of the TIMES family (Loulou, 2008; Loulou and Labriet, 2008) , computing an inter-temporal dynamic partial equilibrium on energy and emission markets based on the maximization of total surplus, defined as the sum of suppliers and consumers surpluses. In TIAM-WORLD , the World is divided in 16 regions, including Mexico and Central and South America. In the current applications, the model is set-up to explore the World energy system in 10-year time steps (slightly shorter from 2005 to 2020) from 2005 to 2100. Bioenergy included in the model includes dedicated energy crops, agricultural and forestry residues and waste and biomass from forest growth. The supply curve of energy crops is defined as a ten step supply curve (each step characterized by a specific price) calibrated to the global land-use MAg-PIE model ). The approach, described in Leimbach et al. (2013) can be summarized as follows: a series of 10 scenarios was run with MAgPIE, representing 10 different levels of possible supply by each region. Prices obtained from MAgPIE were used to feed the new 10-step bioenergy supply-curve of TIAM-WORLD. The same approach was applied in several climate variants, including Reference case (no climate constraint), climate constraint equivalent to 550 ppm and to 450 ppm (in the cases with climate constraint, carbon prices obtained in TIAM-WORLD were used in MAgPIE). Klein et al. (2014) followed a similar approach to explore the price of bioenergy under different climate scenarios. CO 2 , N 2 O and CH 4 from all anthropogenic sources (energy, industrial processes, land-use, agriculture, enteric fermentation, waste, etc.) are included. Land-use emissions of TIAM-WORLD were calibrated to the results obtained with REMIND/MAgPIE models in the ERMITAGE project . Options for GHG emission reductions available in the model cover numerous fuel and technology switching options in each sector, specific CH 4 and N 2 O destruction (leakages, adipic acid industry, etc.), mitigation of emissions from agriculture representing the implementation of advanced agriculture practices, CO 2 capture (upstream, power plants, biofuel refineries, hydrogen generation) and sequestration (in geological sinks), and biological sequestration via reforestation/afforestation.
Scenarios
In this paper, we focus on three scenarios: a reference scenario and two mitigation scenarios (see Table 2 ). The reference scenario includes no climate policies beyond those currently enacted; proposed policies (e.g., the Copenhagen pledges) are excluded. The results of this scenario are described in Section 3. The two mitigation policy scenarios impose a globally harmonized carbon price on all GHG emissions, regardless of source (i.e., where and what flexibility). These carbon prices start at $10/tCO 2 e and $50/tCO 2 e in 2020 and rise at 4% per year, reaching $32 and $162/tCO 2 e in 2050, respectively. The results of these scenarios are discussed in Section 4.
Reference case results
Fig . 1 shows the evolution of AFOLU GHG emissions in Brazil, Mexico and Latin America across four models, without climate policy. As is evident in the figure, there is significant uncertainty in both historical and future emissions. For example, 2010 emissions in Latin America range from 2.3 GtCO 2 e/year (GCAM) to 3.3 GtCO 2 e/year (TIAM-WORLD) across models, due to differences in underlying source data and calibration procedures (see Table 3 ). In 2050, the range in emissions is similar, varying from 2.1 GtCO 2 e/year (TIAM-WORLD and GCAM) to 3.0 GtCO 2 e/year (EPPA). The transition from 2010 to 2050 shows some models with declines in AFOLU GHG emissions and some models with increases in AFOLU GHG emissions.
To understand the differences, we decompose GHG emissions into three gases: CO 2 , CH 4 , and N 2 O (Fig. 2a-c ) and discuss each separately as different drivers affect the different gases, focusing on Latin America. More detail on Brazil and Mexico is provided in the Supplementary Material (Figs. S4 and S5 ). The largest uncertainty in current and future GHG emissions comes from uncertainty in CO 2 (Fig. 2b) . The models included in this study focus on land-use change (LUC) CO 2 emissions, and thus, the largest driver for differences in future emissions are differences in future land cover (Fig. 3) . Models have different realizations of future land cover, leading to different LUC CO 2 emissions. For example, cropland and forestland in GCAM are virtually constant in area between 2010 and 2050, leading to LUC CO 2 emissions that decline towards zero. EPPA, on the other hand, has increases in cropland at the expense of secondary and managed forests, leading to positive LUC CO 2 emissions from 2010 to 2050. These emissions are declining over time, however, as forest conversion slows from the historical rate reflected in 2010 emissions. Land conversion and thus LUC CO 2 emissions in ADAGE fall somewhere in between the EPPA and GCAM values, with net movement of land from cropland to forests and increasing LUC CO 2 emissions after 2020.
To understand the differences in future land cover across models, it is necessary to examine the drivers of land cover, including population, income, food consumption, agricultural production, and yield. Fig. 4 depicts differences in agricultural production and yield across models. All else equal models with higher agricultural production will require more cropland; models with higher yield will require less cropland. As shown in this figure, EPPA has more growth in agricultural production in Latin America than either ADAGE or GCAM.
3 This growth in production more than offsets the increases in yield growth, resulting in more cropland area needed in EPPA than in either GCAM or ADAGE.
There is more agreement among models for CH 4 and N 2 O than CO 2 , with all four models showing increases in both CH 4 and N 2 O. Increases in CH 4 emissions in these models are largely due to increases in the production and consumption of livestock (see Fig. S8 ). Increases in N 2 O in these models are largely due to increases in fertilizer use; either due to an expansion of crop production or a shift in management to more intensive fertilizer use.
Land-based mitigation in Latin America

Mitigation options
A number of land-based mitigation options are currently available, including reduced deforestation, afforestation, sustainable bioenergy, agricultural yield improvements, and reductions in CH4 and N 2 O from livestock and agriculture. The models included in this study incorporate some or all of these options in their analysis. In this section, we briefly describe each option and its potential effects on GHG emissions.
Reduced deforestation and afforestation are means of slowing the decline in or increasing terrestrial carbon stock through increased forest cover. These options are implemented in models through either command and control policies (e.g., imposing a constraint on the amount of forests) or through price policies. Both cases result in reduced land-use change CO 2 emissions as compared to a reference scenario or an alternative policy scenario. However, these policies may have trade-offs in terms of increased agricultural prices (see Calvin et al., 2014; Reilly et al., 2012, and Wise et al., 2009 ) and competition for water resources.
Bioenergy is often deployed as a mitigation option in the energy system. It is a versatile fuel and can be used to produce electricity, liquid fuels, gas, hydrogen, or combusted directly. Additionally, bioenergy results in lower CO 2 emissions than conventional fossil fuels because its carbon was removed from the atmosphere more recently. However, bioenergy can result in increased land-use change CO 2 emissions if forests are cleared to grow the bioenergy (see Calvin et al., 2014; Reilly et al., 2012, and Wise et al., 2009) . Bioenergy production can also result in increased N 2 O emissions if the bioenergy feedstock is 3 Differences in agricultural production across models are due to differences in population, income, and diet (see Supplementary Material). fertilized (Beach and McCarl, 2010) . Finally, when competing with agriculture lands, bioenergy can have implications for agricultural prices and the cost of mitigation (see Calvin et al., 2014; Reilly et al., 2012, and Wise et al., 2009) .
Agricultural yield improvements are a means of mitigation because such improvements reduce the amount of cropland needed (Smith et al., 2014a (Smith et al., , 2014b . Such a reduction in cropland area can result in reduced deforestation or even afforestation, if agricultural land is abandoned on previously forested land. These changes in land cover can reduce land-use change CO 2 emissions. However, the means of achieving the yield improvements matters. Increasing yields through additional fertilizer application will lead to increases in N 2 O emissions, potentially offsetting the CO 2 emissions reductions.
The final means of mitigating AFOLU GHG emissions discussed in this paper are reductions in CH 4 and N 2 O from agriculture and livestock production. Two mechanisms exist in models for these reductions. First, emissions mitigation can occur through a reduction in emissions drivers, reflecting changes in lifestyle. For example, a decline in the consumption of meat and therefore livestock will result in a reduction in CH 4 emissions. Second, emissions mitigation can occur through a reduction in emissions factors (i.e., emissions per unit of production), reflecting changes in agricultural and livestock production practices.
For example, a reduction in the fertilizer application rates will reduce N 2 O emissions, even if the same amount of food is produced.
Model-specific results: ADAGE
The version of ADAGE used in this study includes bioenergy production that can reduce GHG emissions by displacing fossil fuels, although there are potentially emissions associated with land use change that may at least partially offset the reductions in energy emissions. In addition, there are opportunities for abatement of both CO 2 and non-CO 2 emissions from crop and livestock production. Reallocation of agricultural inputs away from energy use as it becomes more expensive due to climate policy results in reduced CO 2 emissions. A combination of reductions in output levels and emissions intensity can reduce CH 4 emissions from rice cultivation and livestock production and N 2 O emissions from fertilizer application and livestock production.
The ADAGE model baseline includes large increases in cropland area in Latin America to meet growing demand for agricultural commodities, with an increase of 44.6% simulated for Brazil and an increase of 87.4% for the Rest of Latin America region between 2010 and 2050. This increase, while large, is comparable to historic growth in cropland area in Latin America (1.1% growth per year from 1990-2012 in FAO versus EPA (2006) EPA (2006), with some updates from the ERMITAGE project Fig. 2 . AFOLU GHG emissions in Latin America without climate policy. Historical data from EDGAR (EC, 2011).
1.3% per year from 2010-2050 in ADAGE; see Fig. 3 ). There is also a 6.4% increase in pasture in Brazil under the baseline, though pasture declines by 6.2% in the Rest of Latin America. Because of restrictions on forest conversion, cropland expansion in Brazil is coming primarily from other arable land (i.e., cropland pasture) though there is also a 2.3% decline in forest area (12.5 million hectares) between 2010 and 2050. In the Rest of Latin America, a much larger share (almost two thirds) of the land converted to cropland is coming from forest with smaller shares coming from pasture and other arable land. Although there is continued movement of other land uses to cropland in the baseline, the rate of natural land conversion to cropland slows greatly in Brazil after the 2010 period. Thus, the projected CO 2 emissions from land use change fall considerably after 2010, though they remain positive. This result is consistent with recent trends in Brazil. Brazil has decreased its deforestation rates sharply from 2004 to 2010 due mostly to strong anti-deforestation policies based on: creation of new reserves in the Amazon region; command and control policies based on real time satellite monitoring and quick punishment of illegal deforestation; and targeting the municipalities with higher deforestation rates with penalties related to reduced agriculture credit to farmers (Assunção et al., 2012 (Assunção et al., , 2013 . The command and control policy was able to effectively change behavior in the country toward lower deforestation rates.
Under the mitigation scenarios analyzed, carbon price incentives result in reduced land conversion to cropland and lower crop and livestock production relative to the baseline. In addition, there is some expansion of bioenergy production, but this mitigation option is fairly limited in ADAGE due to restrictions on land conversion in Brazil. In addition, there is not currently an option for biomass electricity with carbon capture and storage, which reduces the attractiveness of mitigation through bioelectricity.
Under a scenario with a carbon price of $10/tCO 2 e imposed in 2020 rising at 4% per year, ADAGE results show substantial initial reductions in CO 2 emissions from land use in Brazil. In 2020, these emissions are 21.5% lower than baseline levels. However, these emissions are only reduced by 2.5% in the Rest of Latin America in 2020. The reductions in CO 2 emissions decline over time in Brazil, while becoming a bit larger in the Rest of Latin America. By 2050, these emissions are 3.2% lower than baseline levels in Brazil and 6.0% lower for the Rest of Latin America. Percentage reductions in emissions of non-CO 2 GHG associated with AFOLU are considerably larger and are more similar across Latin America, with reductions of 24.8% and 20.7% for N 2 O and CH 4 , respectively, from Brazil and 22.1% and 16.4%, respectively, for the Rest of Latin America. Overall, net AFOLU GHG emissions from Latin America decline by about 15.4% in 2020 and 27.9% in 2050 under this relatively production of crop commodities in Latin America falls by 3.3% for a carbon price of $10/tCO 2 e imposed in 2020 rising at 4% per year and 14.8% for the carbon price of $50/tCO 2 e imposed in 2020 rising at 4% per year. This indicates that reductions in emissions intensity within the agriculture sector associated with changing input use and production practices in response to the carbon price incentive are playing a major role in the ADAGE results.
Model-specific results: EPPA
EPPA considers abatement of CH 4 and N 2 O as mitigation options in crop and livestock production. Energy use in agriculture is also subject to GHG mitigation policies. The agricultural sectors need to pay the tax or the carbon price considering the GHG equivalents. EPPA allows the deployment of lower emissions technologies in agriculture considering small elasticities of substitution between carbon allowances and inputs, calibrated to represent MAC curves for these sectors (Hyman et al., 2003) . In the case of deforestation and land use changes, carbon policies and command and control policies may both be employed. In the current implementation, we assume command and control policies only, since it has been the only large-scale anti-deforestation policy used in the region in recent years. The model also represents biofuels and bioelectricity as mitigation options, properly accounting for their emissions.
For land use and agriculture emissions projections in Latin America, EPPA considers the observed sharp decrease in emissions from deforestation in the last ten years, possible mostly due to strong command and control policies in Brazil, the historically largest land use emitting country in the region. The current anti-deforestation policy in Brazil has almost achieved its goals, and there is no clear picture about future tighter targets. Other countries in the region are taking the Brazilian policy as an example to be followed. All these are considered in EPPA, which explains the almost constant emissions trajectory during the simulation horizon (Fig. 1) . The slight increase in emissions after 2025 is due to CH 4 and N 2 O emissions from agriculture and livestock activities, which keep growing following the economic growth in the region (Fig. S7) .
Land use changes in EPPA indicate that cropland areas will double in the region from 2005 to 2050, mostly at the expense of the decrease of forest areas although there is some conversion of other arable land (e.g., cerrado) (Fig. 3) . EPPA has two different categories of forestland: natural forest and a combination of harvested and secondary forests. The second type includes managed forest plantations and deforested areas under regeneration today. The conversion to cropland in EPPA occurs, in its majority, from the managed and secondary forest category, due to the constraints of the command and control policies against deforestation of natural vegetation. As the managed and secondary forest areas have much lower carbon content than the areas of natural forest, the land use CO 2 emissions are kept under control at relatively low levels.
As EPPA considers command and control policies on deforestation in the core baseline scenario, carbon prices have a negligible effect on AFOLU emissions. A carbon price of $10/t of CO 2 imposed in 2020, rising at 4% per year, reduces AFOLU emissions by 1.3% in 2050. Under a $50/t of CO 2 , emissions reductions are 2.2%. These reductions are due to the decrease of CH 4 and N 2 O from crop and livestock production only, since the carbon policy does not affect the effectiveness of the anti-deforestation policy in EPPA and the CO 2 emissions from deforestation accounts for 93% of AFOLU emissions in Latin America in 2050 in the baseline.
The carbon price increases the biofuel production in the region in the near term compared to the reference scenario, as the energy system shifts from freely-venting fossil fuels toward low carbon options like bioenergy. However, the constraint imposed in the land expansion due to the anti-deforestation policy avoids the biofuels production to expand beyond the production observed in the baseline scenario in the long run (Fig. 5) . As biofuels are competitive relative to gasoline in the region, there is a sharp increase in the area devoted to it in 2030, even in the core baseline scenario. The carbon price accelerates the increase in biofuel production. Under a $50/t of CO 2 the land area to grow biofuel crops reaches 12 million ha, twice the area in the reference scenario in that year. But, as the carbon price increases at 4% per year, in 2050 the area dedicated to biofuels is slightly smaller than in the reference, due to the costs related to CH 4 and N 2 O emissions in the production of biomass crops and also the overall decrease in the economic activity due to the carbon price.
Model-specific results: GCAM
The version of GCAM used for this analysis includes bioenergy, reductions in CH 4 , and reductions in N 2 O as mitigation options that affect the agriculture and land use system. Bioenergy is deployed extensively in the energy system to reduce fossil fuel and industrial CO 2 emissions, both within Latin America and elsewhere in the world. However, the use of this mitigation option can have adverse implications for AFOLU emissions Wise et al., 2009 ). Most reductions in CH 4 and N 2 O are achieved through MAC curves; that is, GCAM assumes the same agriculture and livestock production levels can be achieved with lower emissions. Some reduction in these emissions is achievable through dietary shifts away from emissions-intensive livestock; however, the price elasticity of demand on food in GCAM is relatively low preventing significant dietary shifts and their associated reductions in CH 4 and N 2 O emissions.
As a result of the mitigation options included, increasing carbon prices result in increases in AFOLU GHG emissions in GCAM. For low carbon prices, the effect is small, as the carbon price is not high enough to induce either a significant deployment of bioenergy or a significant reduction in CH 4 or N 2 O as a result of the MAC curves. However, under a high carbon price, large changes in AFOLU GHG emissions are observed, with total GHG emissions 25% higher in 2030 in the high carbon price scenario than in the reference scenario. Fig. S10 decomposes the change in emissions into sector and gas for the year 2050. This figure shows that increases in carbon prices induce increases in land use change CO 2 and N 2 O emissions for bioenergy production, as bioenergy production displaces higher carbon content ecosystems (e.g., forests 4 ) because policies to prevent such deforestation are excluded from this analysis. However, increasing carbon prices also result in declines in CH 4 from ruminant animals. The combination of effects leads to small changes in total AFOLU emissions.
The increase in land use change CO 2 and N 2 O emissions for bioenergy production is the result of a large increase in purpose-grown bioenergy production (Fig. 5) . This bioenergy is used in combination with CO 2 capture and storage in the electricity and refined liquids sectors, leading to significant reductions in fossil fuel and industrial CO 2 emissions.
The decline in CH 4 emissions from ruminant animals is due to a combination of declines in livestock production (Fig. S8 ) and decreases in CH 4 emissions factors (tonne of CH 4 emitted per tonne of livestock produced). The decline in livestock production is due to price-induced shifts in diet. An increasing carbon price in GCAM leads to an increase in the price of crops due to increasing competition for land between food and bioenergy. This increase in crop price, in turn, leads to an increase in the price of livestock and a decline in livestock consumption. Modern bioenergy production in Latin America satisfies two markets: local consumption and exports. While the low tax is not high enough to stimulate the supply of bioenergy before 2050, for local consumption or exports, the high carbon tax creates an incentive for higher bioenergy supply and local use from 2020 (supply + 5%) to 2050 (+ 40%). Uses are diverse (production of liquid biofuels, direct use in industry, production of electricity) but dominated by liquid biofuels in all scenarios. Production of liquid biofuels increases by more than 50% in 2030 and 75% in 2050 in the high tax scenario compared to the Reference case; capture of CO 2 at biorefinery levels starts in 2040 in the high tax scenario.
It is interesting to note that exports of bioenergy commodities do not increase in climate mitigation scenarios compared to the reference case. They even decrease in the mid-term . This trend is observed in several regions of the World in TIAM-WORLD's results, showing a preference for local consumption of bioenergy in climate scenarios. However, Labriet et al. (2013) point out that the assumptions related to the trade of bioenergy (cost, availability) may have a crucial impact on the localization of the supply of bioenergy, and could radically change the results of the big suppliers of bioenergy such as Latin America.
In TIAM-WORLD, crops for energy use are considered as carbon free over their lifecycle, and thus the corresponding bioenergy is assumed to be grown in a sustainable manner. Consistent with this assumption, first-generation biofuels are constrained (around 20 EJ at global level, 4.4 EJ in Latin America); this constraint reflects the amount of bioenergy that could be produced on surplus agricultural land without irrigation (Smeets et al., 2004 (Smeets et al., , 2007 . This upper limit represents a default preference for second-generation over first generation biofuels, given the sustainability debates associated with the latter. CO 2 emissions resulting from land-use become negative in tax scenarios because the CO 2 MAC curve implemented in TIAM-WORLD assumes that afforestation measures are implemented as a cost-effective mitigation option; in other words, Latin America becomes a net sequester of CO 2 in both climate scenarios.
5 However, due to limited mitigation of CH 4 and N 2 O, AFOLU GHG emissions are still positive even under the high CO 2 price scenario.
Comparing across models
Fig . 6 depicts the relationship between carbon price and abatement for Latin American AFOLU GHG, CO 2 , CH 4 , and N 2 O emissions across the four models included in this study for 2050 (Fig. S11 shows this for 2020) . These figures clearly depict the divergence of model results, with GCAM showing small increases in emissions as a result of climate policy, EPPA and ADAGE showing small decreases in emissions, and TIAM-WORLD showing large decreases in emissions. The large difference in response to policy is primarily due to differences in mitigation options. TIAM-WORLD includes afforestation as a mitigation option, which can lead to sequestration of CO 2 in the terrestrial system. Such an option is deployed widely resulting in large emissions reductions. ADAGE, EPPA, and GCAM exclude such an option in their models for this study and thus have much more limited (or even negative) abatement. Previous analyses with EPPA (Reilly et al., 2012) and GCAM show that when afforestation is included as a mitigation option it is deployed widely as in TIAM-WORLD in this study.
Differences in the response of emissions to policy between the models are also influenced by differences in the effect of climate policy on bioenergy and the mitigation potential from N 2 O and CH 4 . In ADAGE and EPPA, total bioenergy consumption in Latin America in 2050 declines slightly when a climate policy is imposed. 6 In GCAM and TIAM-WORLD, bioenergy consumption increases in 2050 as a result of a climate policy. TIAM-WORLD assumes that this increase in bioenergy is produced sustainably, resulting in no land-use change CO 2 emissions. In GCAM, this increase comes at the expense of forests resulting in a noticeable increase in land-use change CO 2 emissions. The CO 2 emissions resulting from this deforestation overwhelm any mitigation from N 2 O and CH 4 resulting in a modest increase in AFOLU GHG emissions. Since ADAGE and EPPA present declines in bioenergy consumption the effect of climate policy on land-use change CO 2 emissions is negligible. In these models, the mitigation of N 2 O and CH 4 dominates and results in modest decreases in total AFOLU GHG emissions. The mitigation potential estimated in ADAGE, EPPA, and TIAM-WORLD is fairly consistent with estimates from the Intergovernmental Panel on Climate Change's (IPCC) fifth assessment report (Smith et al., 2014a) . The IPCC estimates mitigation potential in Latin America between 0.25 GtCO 2 e (at $20/tCO 2 ) and 0.6 GtCO 2 e (at $100/tCO 2 ) in 2030 excluding forestry. In comparison, EPPA estimates 5 Note that several other studies have found afforestation to be a cost effective mitigation strategy (see Clarke et al., 2014 for a summary). 6 In 2020, bioenergy consumption is higher in EPPA under the mitigation policy, but the reverse is true in 2050. mitigation between 0.3 GtCO 2 e (at $15/tCO 2 ) and 0.5 GtCO 2 e in 2030 (at $75/tCO 2 ). ADAGE estimates 0.3 GtCO 2 e of mitigation at $15/tCO 2 . With forestry, the IPCC mitigation potential increases to between 0.75 GtCO 2 e (at $20/tCO 2 ) and 2.3 GtCO 2 e (at $100/tCO 2 ). In comparison, TIAM-WORLD estimates mitigation between 1.2 GtCO 2 e (at $15/tCO 2 ) and 2.1 GtCO 2 e in 2030 (at $75/tCO 2 ). The GCAM model indicates the possibility of negative abatement, i.e., an increase in emissions, if bioenergy is not produced sustainably. The IPCC estimates are from bottom-up sector-specific models and thus the possibility of negative feedbacks from the energy system are excluded.
Discussion and conclusions
The work detailed in this paper has focused on examining the future evolution of AFOLU GHG emissions in Latin America. We find that there are large uncertainties in both present and future emissions, with and without climate policies. Without climate policy, differences in future AFOLU GHG emissions across models are largely driven by differences in the extent to which cropland displaces forest cover, reflecting a number of uncertainties including the effectiveness of deforestation policies. Models with more expansion of crops onto forested area have higher land-use change CO 2 emissions and vice versa. Additionally, some differences exist in the future emissions factors for N 2 O and CH 4 , with one model projecting declines in emissions intensity leading to declines in N 2 O and CH 4 emissions.
With climate policy, differences in future AFOLU GHG emissions across models are largely driven by differences in mitigation options.
Including afforestation as a policy option results in significant emissions abatement. Excluding this option results in more modest abatement or even increases in emissions. Models also differ in the extent to which bioenergy is deployed as a mitigation option and the effect of bioenergy production on land-use change CO 2 emissions.
There are some important caveats to the work presented here. First, this paper has focused on climate implications of AFOLU and thus, we have focused on GHG emissions. We exclude the effects of agriculture and land use on other emissions (e.g., aerosols, ozone precursors). We also ignore the effects of AFOLU GHG mitigation efforts on the economy, ecosystem services, and biodiversity. Land-based mitigation, however, could have substantial effects on food prices and thus consumer welfare. We leave further discussion of these dynamics to other studies (see Lotze-Campen et al., 2014 for example) . Next, the results included in this analysis ignore institutional barriers and transaction costs associated with implementing the policies discussed. Large barriers or costs would have implications for emissions and emissions mitigation.
Finally, the results included in this paper only harmonized carbon prices across models. Other dimensions of the model (e.g., population, GDP, mitigation options, bioenergy and crop trade assumptions, etc.) were determined by individual modeling teams and vary substantially across the models included in this study. While such a study design allows us to explore the uncertainty in the future evolution of AFOLU GHG emissions in Latin America with and without climate policy, it makes it difficult to isolate the effect of an individual mitigation measure. Future studies may seek to redress this problem with further model harmonization; however, this is outside the scope of this study. 
